INTRODUCTION
Venous thromboembolism (VTE), a disease that includes both deep vein thrombosis and pulmonary embolism, is a rare condition in children. Nevertheless, its incidence has reportedly increased recently [1, 2] . The ability to correctly detect and diagnose thrombotic events in pediatric patients has been improving as a result of continuous advances in the treatment and supportive care of critically ill children, as well as the increased knowledge and awareness of thrombotic complications and genetic risk factors for thrombosis [2] [3] [4] .
An accurate estimate of pediatric VTE incidence is not available as only a few prospective studies have been reported [3, 5, 6] . These studies have estimated a yearly VTE incidence of 0.07-0.14 cases per 10,000 children, or 5.3 cases per 10,000 pediatric hospital admissions, and 24 cases per 10,000 admissions to the neonatal intensive care units [5, 7] . In tertiary care hospitals in the United States, the reported VTE rates are higher, and a 70% increase in its incidence has been observed from 2001 to 2007, i.e., from 34 to 58 cases per 10,000 children [3] .
Most children with VTE have multiple risk factors, such as venous catheters, surgery, trauma, malignancy, and chron- ic inflammatory conditions [4, 5, [8] [9] [10] . Infants aged under 1 year constitute the largest proportion of pediatric VTE patients, with adolescents constituting the second largest [4] [5] [6] . Most reports on the incidence of VTE are primarily from Western populations; however, there are significant differences between the Asian and Western countries with respect to the genetic background and demographic features. Therefore, considering the clinical significance of pediatric VTE, a population-specific epidemiologic study is imperative in order to assess the incidence, risk factors, treatment, and outcome of VTE in Korean children. With this aim, we conducted a retrospective review of the records of all VTE pediatric patients admitted to a single tertiary hospital in Korea over a period of 13 years.
MATERIALS AND METHODS

Patients
We retrospectively analyzed consecutive patients aged 0-18 years, who were diagnosed with VTE between April 2003 and March 2016 at the Seoul National University Bundang Hospital (SNUBH). Hospital admission rates were obtained from the Health Information System Department of the SNUBH. Based on the hospital electronic database, patients were classified as potential VTE cases if they were assigned the International Classification of Diseases 10 th revision (ICD-10) codes I269, I749, I676, I802, I81, or I829, or if they were prescribed anticoagulant medication. Cases with multiple admissions for VTE were counted as a single incidence.
Diagnosis of VTE
VTE was defined as a thrombotic occlusion of any vein within the deep venous system, pulmonary vasculature, right heart, or the cerebral venous sinuses. The thrombosis location was classified as central nervous system (intracranial veins and sinuses), the upper venous system (superior vena cava, right heart, pulmonary vessels, neck, and upper limb veins), or the lower venous system (inferior vena cava and all subsequent venous branches). VTE was confirmed by various imaging techniques including a Doppler ultrasound, computed tomography (CT) scanning, and magnetic resonance image (MRI) scanning. Thrombophilia test was performed using commercially available clinical assays.
Data analyses
The data for patient demographics, clinical presentation, the location of thrombosis, associated risk factors, family history, laboratory evaluations, treatment, and complications of the thrombotic event such as mortality and occurrence of post-thrombotic syndrome (PTS) were obtained through a review of the electronic medical records. Based on the age at the time of thrombosis diagnosis, patients were classified as neonates (aged＜1 mo), infants (aged 1-12 mo), children (aged 1-12 yr), and adolescents (12-18 yr) . All data were descriptively presented and analyzed based on the above-mentioned age groups.
Ethical approval
This study was approved by the SNUBH Institutional Review Board (IRB approval No. B-1604/343-107). Informed consent was waived by the board.
RESULTS
Patients
Of the 70,462 hospitalizations during the 13-year study period, we identified 220 patients as potential VTE cases. Following the criteria described in the methods section, a total of 25 patients were subsequently identified with a verified diagnosis of VTE. The total incidence of VTE was 3.27 cases per 10,000 admissions (0.0327%). The baseline and clinical characteristics of the patients are presented in Table 1 . Fifteen VTE patients were male (60%), and the median age at diagnosis was 10.9 years (range, 0 days-17 yr). Of the patients with VTE, 8 (32%) were neonates, 7 (28%) were children, and 10 (40%) were adolescents. Fig. 1 shows the age wise distribution of the pediatric patients with VTE and the total number of hospitalized patients stratified by age group.
Diagnosis of VTE
Doppler ultrasonography was the most frequently used diagnostic imaging study, followed by CT, and MRI (Table 2) . Pulmonary embolism was diagnosed using chest CT, ventilation/perfusion (V/Q) scan, and an echocardiography. Intracranial VTE, including cerebral venous sinus thrombosis and central retinal vein thrombosis, was diagnosed using MRI with magnetic resonance venography. The locations of thrombosis were as follows: intracerebral venous systems in 5 cases (cerebral venous sinus, 4; central retinal vein throm bosis, 1), upper venous systems in 16 cases (pulmonary 
Abbreviations: CT, computed tomography; MRI/MRV, magnetic resonance imaging/magnetic resonance venography; V/Q, ventilation/perfusion. vessel, 5; internal jugular vein, 2; portal vein, 7; portal and renal veins, 1; superior mesenteric vein, 1), lower venous systems in 3 cases (inferior vena cava and iliac vein, 1; iliac and femoral veins, 1; femoral vein, 1), and combined upper and lower venous systems in 1 case (pulmonary vessel, inferior vena cava, and popliteal vein, 1).
Underlying diseases in pediatric VTE patients
Of the 25 VTE patients, 20 exhibited at least one underlying clinical condition (80%) ( Table 3) . Among the known risk factors for VTE, we identified the following: venous catheterization in 6 cases (umbilical venous catheter, 4; femoral catheter, 2); malignancy in 5 cases (acute lymphoblastic leukemia treated with L-asparaginase, 3; brain tumor with a Hickman catheter, 1; and lymphoma with an internal jugular vein catheter, 1); systemic disease in 3 cases (nephrotic syndrome, 1; systemic lupus erythematosus, 1; and systemic infection, 1); prematurity in 1 case; a mother with gestational diabetes mellitus in 2 cases; trauma in 1 case; and venous anomalies in 2 cases.
A test for thrombophilia was performed in some patients (Table 4) . Two patients exhibited an underlying protein C deficiency, 4 exhibited protein S deficiency including 1 case of transient protein S deficiency, and 1 patient exhibited an antithrombin deficiency. A lupus anticoagulant antibody test was positive in 3 of the 13 tested patients; anti-cardiolipin IgG and IgM antibodies were positive in 4 out of the 14 tested patients; while the anti-2 glycoprotein I IgG antibody was undetectable in all 11 tested patients.
Treatment of VTE
A total of 10 patients received an initial anticoagulant therapy for the acute phase of thrombosis. Six patients received unfractionated heparin or low molecular weight heparin (LMWH), followed by warfarin, while 4 patients received either LMWH or warfarin. Seven patients with residual thrombus or VTE risk factors such as congenital thrombophilia, or venous anomaly received long-term treatment with warfarin (range, 2 yr-9 yr, 8 mo). In 1 patient, the warfarin treatment was discontinued after 3 months due to bleeding complications including epistaxis and menorrhagia. Four patients underwent surgical treatments including thrombectomy and IVC filter, or thrombolysis followed by anticoagulation. One patient died due to a pulmonary embolism following thrombolysis, before the anticoagulation treatment could be started. Four patients underwent a catheter removal and follow-up observations, while 3 patients were treated without an anticoagulant. Treatment was unknown for 3 patients who were transferred to other hospitals or were lost to follow-up ( Table 5 ).
Outcome of VTE
Of the 25 VTE patients, 12 exhibited a complete resolution of VTE, 7 had persistent VTE, and 2 patients died of pulmonary emboli. We did not note a recurrence of VTE in patients following a complete resolution of the thrombus. One patient with a venous anomaly discontinued the warfarin treatment when the thrombus stabilized, and subsequently experienced an aggravation of the thrombus. PTS developed in 2 of the 5 patients (20%) with a lower venous system VTE, resulting in stasis ulcer and varicose vein after 2 years and 9 years of initial VTE diagnosis, respectively.
DISCUSSION
The incidence of VTE is significantly lower in children compared with adults, suggesting the presence of protective mechanisms [11] . In children, the coagulation system develops with age, as evidenced by significant age-related differences in the concentration of most clotting factors, a concept known as 'developmental hemostasis' [11] .
In a nationwide epidemiologic study in the Korean population, the annual incidence of VTE in 2008 was reported as 13.8 cases per 100,000 individuals [12] , which is sig-nificantly lower than the annual incidence noted for the Caucasian population (143 cases per 100,000 individuals) [13] . Furthermore, the incidence of VTE in Korean youth was even lower, with a reported 0.09 cases per 10,000 individuals aged 0-19 years [12] .
In our study, the incidence of VTE was 3.27 cases per 10,000 pediatric patients. This rate was higher than the previously reported VTE incidence in the general Korean pediatric population but was lower than the incidence reported from Western countries, where the incidence rate ranged from 8 to 60 cases per 10,000 hospital admissions [4, 14, 15] . Furthermore, the age-stratified VTE incidence exhibited a bimodal distribution, with a peak VTE incidence in the adolescents (9.47 cases per 10,000 adolescents admitted) rather than in the neonates (4.57 cases per 10,000 neonates admitted).
In comparison with the older children, neonates are at an increased risk of bleeding and thrombotic complications owing to the altered levels of procoagulants; anticoagulants; and fibrinolytic factors, with these risk factors being especially relevant in the presence of other hemostatic challenges such as an indwelling catheter [11, 16] . Asphyxia, maternal diabetes, polycythemia, sepsis, poor cardiac output, and dehydration are additional VTE risk factors for the neonates [16] . Furthermore in preterm infants, the levels of vitamin K-dependent clotting factors are lower than those in the infants born at term; preterm infants also have lower levels of coagulation inhibitors, including antithrombin and protein C [17] . The preterm infants are also particularly at risk in response to the perinatal risk factors and iatrogenic events [16] . In the present study, all 8 neonates had VTE associated clinical risk factors including venous catheter (N=4), prematurity (N=1), a mother with gestational diabetes mellitus (N=2), and venous anomaly (N=1).
In the United States, approximately 25% to 50% of the adult patients with first-time VTE have an idiopathic condition with no immediately obvious risk factors [18] . Unlike adults, however, approximately 80% of the VTE episodes in children and adolescents are reportedly associated with an underlying chronic condition [19, 20] . Pediatric VTE is a multifactorial disease, and the clinical factors appear to have a greater influence on the risk for VTE than an inherited thrombophilia, especially in catheter-related VTE [4, 10] . In pediatric patients, the presence of a venous catheter is the most significant risk factor for VTE, accounting for approximately 90% of all neonatal, and 60% of all childhood VTE cases [5, 10] . This is most likely a result of an increased risk of thrombosis owing to the damaged endothelial lining and disrupted blood flow from the central venous catheters. The most common medical conditions associated with thrombosis are cancer, congenital heart disease, and prematurity. In our study population, 20 of the 25 patients (80%) had underlying clinical conditions, with venous catheterization and malignancy being the most frequent.
Although a strong association between inherited prothrombotic disorders and VTE has been shown in adults, the impact of these disorders on the development of VTE in children remains controversial [2, 21] . In the pediatric VTE patients from Western countries, the incidence of inherited prothrombotic disorders ranges from 10% to 59% [22, 23] . The relationship between VTE and certain inherited defects is well understood, such as the factor V Leiden mutation, the prothrombin gene mutation, and the protein C, protein S, and antithrombin deficiencies [22, 23] . Certain genetic mutations, particularly the factor V Leiden and factor II G20210A, are highly prevalent in the Caucasian population but are virtually absent in the Asian population [24] [25] [26] .
Thrombophilia testing is rarely considered in the acute management of thrombotic events in pediatric patients [2] . However, the identification of inherited thrombophilia may influence the treatment duration, particularly in patients with combined defects, and may aid in optimal patient counseling for risk factors associated with a VTE-recurrence [22] . It is difficult to apply the results of coagulation studies conducted in adults to the evaluation of pediatric patients as there are significant differences in the stages of hemostatic system development, as well as in the normal ranges of relevant biochemical markers and the laboratory assays employed to assess the anticoagulant levels [11] . Therefore, it is essential to refer to the age-specific normal ranges when interpreting the results of pediatric coagulation studies. In our study, thrombophilia tests were not performed uniformly; only 13 patients were tested for protein C and protein S deficiencies, with positive results observed in 2 and 4 patients, respectively. Of these, 1 patient with protein C deficiency had a positive family history. Similarly, only 14 patients were tested for antithrombin deficiency, with a positive test result in 1 patient.
An ultrasound with a Doppler flow is the most commonly employed imaging study for the diagnosis of upper, or more frequently lower, extremity VTE [1, 2] . Other noninvasive diagnostic imaging options including CT and MR venography are particularly helpful in evaluating proximal thrombosis [1, 2] . For the diagnosis of cerebral venous sinus thrombosis, the most sensitive imaging modality is a brain MRI with venography or a diffusion-weighted imaging [1, 2] . In this study, Doppler ultrasonography was the most frequently used diagnostic imaging modality, followed by CT, and MRI. Pulmonary emboli were diagnosed using chest CT, V/Q scan, and echocardiography. Intracranial VTE, including cerebral venous sinus thrombosis and central retinal vein thrombosis, were diagnosed using an MRI with venography.
Treatment recommendations for pediatric VTE cases are based on the data from studies conducted in the adult population [27] . However, there is a need for separate recommendations for pediatric patients as there are age-based differences in the disease etiology and the available treatment options [28] . The patients in our study population were managed using anticoagulation and surgical treatments, and unfractionated heparin or LMWH with vitamin K antagonist were the most frequently used treatments. Thrombectomy or thrombolysis was indicated only in life-or limb-threatening cases. Catheter removal was performed in four patients without anticoagulation.
PTS, characterized by venous insufficiency, is a chronic complication of VTE; the symptoms of PTS range from mild edema to chronic pain, swelling, discoloration, and ulceration of the affected limb [29] . In children, the risk of PTS following VTE is estimated at 10%-70% [30] . The likelihood of PTS is higher in the first 2 years of VTE, and it continues to increase over time [29] . In our study, 2 out of 5 patients (20%) with persistent VTE in the form of stasis ulcer and varicose vein developed PTS after 2 and 9 years of the initial VTE diagnosis, respectively. Further, 2 patients died as a result of massive pulmonary emboli. The present study has several limitations. First, being a retrospective study, data collection, and subsequent analyses may be incomplete. Second, this study was conducted at a single center, and therefore the true incidence of pediatric VTE may be under-or over-estimated due to a selection bias. Finally, since VTE is a rare condition, our study population was small, and therefore the frequency of congenital thrombophilic disorders could not be estimated.
In conclusion, we observed that pediatric VTE occurred at a lower frequency in the studied Korean population than has been previously reported for Western countries. However, the clinical characteristics of VTE patients including the bimodal age distribution, underlying diseases, treatment pattern, and outcomes were comparable to those reported from the Western countries. A nationwide, multicentric study will be needed to accurately estimate the true incidence and outcome of pediatric VTE in Korea.
